Introduction
The HIV pandemic persists as one of the most significant global health problems (1) . While antiretroviral therapy has greatly improved mortality rates, a preventive vaccine remains necessary to curtail the spread of HIV (2) . Efforts have shifted to rationally based vaccine design, requiring an in-depth analysis of immune responses to identify and stimulate protective immunological correlates (3) . Recent isolation and characterization of many naturally occurring HIV-specific broadly neutralizing antibodies demonstrates the capacity of humans to generate a potentially protective humoral response (4) , but the B cells and mechanisms regulating humoral immunity to HIV remain poorly characterized. An improved understanding of the B cell response will identify interventional targets and inform rational vaccine design for HIV and other viruses for which broadly effective vaccines do not exist.
The humoral immune system is critical for control of multiple viruses during both acute and chronic phases of infection (5, 6) , and most effective vaccines are thought to function by eliciting a protective humoral response (7) . Humoral immunity is coordinated by memory B cells, antigen-specific subsets that can regulate the developing immune response via functions such as antigen presentation, cytokine Humoral immunity is critical for viral control, but the identity and mechanisms regulating human antiviral B cells are unclear. Here, we characterized human B cells expressing T-bet and analyzed their dynamics during viral infections. T-bet + B cells demonstrated an activated phenotype, a distinct transcriptional profile, and were enriched for expression of the antiviral immunoglobulin isotypes IgG1 and IgG3. T-bet + B cells expanded following yellow fever virus and vaccinia virus vaccinations and also during early acute HIV infection. Viremic HIV-infected individuals maintained a large T-bet + B cell population during chronic infection that was associated with increased serum and cell-associated IgG1 and IgG3 expression. The HIV gp140-specific B cell response was dominated by T-bet-expressing memory B cells, and we observed a concomitant biasing of gp140-specific serum immunoglobulin to the IgG1 isotype. These findings suggest that T-bet induction promotes antiviral immunoglobulin isotype switching and development of a distinct T-bet + B cell subset that is maintained by viremia and coordinates the HIV Env-specific humoral response.
production, or differentiation into antibody-secreting cells (8) (9) (10) . Memory B cells can also express different antibody isotypes that fulfill diverse spatiotemporal and pathogen-specific roles upon secretion (11, 12) . Heterogeneity has been demonstrated within the origins, development, and functional capacity of human memory B cell populations differentiated by a variety of cell surface markers (12) . Recent studies have begun to assess the contributions of B cell subsets during active immune responses using antigen-specific probes (13, 14) , but the identity and regulation of virus-specific memory B cells during HIV and other viral infections remain poorly understood.
Transcription factors are critical regulators of memory B cell identity and function that can translate pathogen-specific cues into induction of appropriate humoral responses (15) (16) (17) (18) . Recent studies identified the immune cell-specific transcription factor T-bet as a critical regulator of murine antiviral B cell responses (6, 19) . T-bet was originally described as controlling CD4 + Th1 cell development and functionality (20) , but T-bet also plays a role in B cell differentiation (21, 22) . In mice, T-bet expression is required for isotype switching, functionality, and survival of IgG2a/c + memory B cells (18, 22, 23) and can also regulate the expression of the antiviral cytokine IFN-γ and the inflammatory homing receptor CXCR3 in this population (24, 25) . Several groups recently examined the direct role of T-bet + B cells during murine viral infections; gamma herpes virus 68 induces an expansion of T-bet + B cells, the absence of which leads to infection exacerbation (19) . Similarly, chronic lymphochoriomeningitis (LCMV) viremia is controlled to low levels only in the presence of T-bet + B cells via a chiefly IgG2a-dependent mechanism (6) . We previously identified a subset of T-bet-expressing B cells in healthy human blood (26) , and B cells expressing either TBX21 transcript or T-bet protein have been described in the context of autoimmune disease, chronic hepatitis C infection, and malaria infection (27) (28) (29) (30) (31) , but the biological niche of this population in humans has not been defined.
HIV infection is characterized by excessive viral replication and inflammation that induce a strong virus-specific humoral response and promote polyclonal B cell stimulation (32, 33) . This B cell hyperactivation likely contributes to previously described B cell subset alterations in chronically infected individuals (33) . The memory B cell compartment is particularly impacted by HIV, with decreased resting memory B cell numbers and an expansion of activated and atypical memory B cells that lack expression of the complement receptor CD21 (34, 35) . We previously demonstrated that HIV-specific responses are overrepresented in CD21
-memory B cells in viremic individuals (13) , but the mechanisms regulating the B cell response to HIV are unclear.
In this study, we characterize T-bet + B cells in human peripheral blood and examine their role during HIV and other human viral infections. We identified T-bet + B cells as a distinct antigen-experienced population that demonstrates an activated, potentially antiviral phenotype and expands in response to acute viral infections. T-bet + B cells are maintained at a high frequency during chronic HIV infection and correlate with increased expression and secretion of IgG1 and IgG3, two human antibody isotypes critical for antiviral responses. This T-bet + population maintains the anti-gp140 B cell response and, via the expression of T-bet, likely biases gp140-specific antibodies to the IgG1 isotype. Our data identify T-bet + B cells as responders during both acute and chronic human viral infections and suggest this population orchestrates the humoral immune response to HIV.
Results

Defining subsets of human B cells that express T-bet.
In order to define T-bet + B cell populations in human blood, we developed a panel to assess all major B cell subsets through expression of CD10, CD38, CD27, CD21, and IgD (subset gating and definitions in Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.92943DS1). In agreement with our previous study (26) , significantly more memory B cells expressed T-bet compared with transitional and naive B cells (Figure 1, A and B) , and plasmablasts (as determined by flow cytometry and RNA transcript analysis; data not shown). As T-bet is known to regulate Ig class switching to IgG2a/c in mice (22, 23) , we further assessed the relationship between T-bet and human memory B cell surface Ig isotypes (Supplemental Figure 1B) . T-bet was expressed at the highest frequency by IgG + cells, specifically those expressing IgG1 or IgG3, which are critical for antiviral responses (11) (Figure 1C ). However, T-bet expression could also be detected to a lesser degree in subsets of B cells expressing the other tested Ig isotypes ( Figure 1C) .
To further define the characteristics of T-bet + memory B cells, we used CD21 and CD27 to delineate several previously described populations (35) (Figure 1D ). The two CD21
-subsets, activated memory (AM, Figure 1E ) and at significantly higher levels per cell ( Figure 1F ) compared with resting memory (RM) cells, indicating a prominent role for T-bet in regulation of the peripheral CD21 -memory B cell compartment. Interestingly, we identified a bimodal expression pattern of T-bet in AM and TLM subsets (Supplemental Figure 1C) . We therefore explored additional cell surface receptors to better demarcate CD21 -T-bet + cells and found that this subset also highly expresses the inhibitory receptor CD85j ( Figure 1G) , suggesting additional Ig isotype-independent roles for T-bet in this population. In summary, 
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-B cell subsets. Statistical comparisons in B, C, E, F, and J calculated using repeated-measures 1-way ANOVA with Tukey's multiple comparisons test. Statistical comparison in I calculated using paired t test. *P ≥ 0.01 to < 0.05; **P ≥ 0.001 to < 0.01; ***P < 0.001. Downloaded from http://insight.jci.org on February 17, 2018. https://doi.org/10.1172/jci.insight.92943
we identified 2 populations of T-bet + B cells: an RM subset expressing T-bet at low levels and a subset distinguished by a lack of CD21 expression and high levels of CD85j that represents the main T-bet hi B cell population in the peripheral blood of healthy human donors.
T-bet + B cells are induced during acute viral infections. T-bet + B cells have previously been shown to expand during acute LCMV and ghv68 infections in mice (6, 19) ; we therefore asked whether human T-bet + B cells might similarly be induced during human acute viral infections. To assess this, we examined B cell responses in human subjects vaccinated with yellow fever virus (YFV) and vaccinia virus (VV). These replicating live virus vaccines are thought to elicit durable protection via antibody-mediated mechanisms (7, (36) (37) (38) , suggesting a critical role for B cells in this process. We analyzed T-bet expression within total memory B cells collected from the peripheral blood of vaccinated individuals on the day of vaccination, at weekly acute time points, and at a final time point ranging from 2 to 8 months after vaccination (Table  1) . We identified the emergence of a T-bet + population as early as 2 weeks after YFV and VV vaccinations, which expanded and remained detectable in peripheral blood through postvaccination week 4 ( Figure 2G ). This RM T-bet response involved only a small subset of cells, as RM population size did not increase (data not shown) and T-bet MFI in the total population remained static during both vaccinations ( Figure 2F and Supplemental Figure 2C ). Interestingly, T-bet levels in plasmablasts also increased following each vaccination (Supplemental Blood sample timing for n = 7 vaccinia virus vaccine recipients and n = 5 yellow fever vaccine recipients are depicted. Each row represents 1 donor with longitudinal samples collected at each day after vaccination. Columns show binning of sampling into weeks after vaccination.
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T-bet expression in total memory B cells (Supplemental Figure 1A ) from preinfection, early acute, and early chronic infection time points (Table 2) Similar to YFV and VV vaccinations, we also observed increased T-bet MFI in plasmablasts at this acute time point (Supplemental Figure 2J ). These 6 individuals remained viremic into early chronic infection and concomitantly maintained elevated T-bet levels, suggesting a relationship between continued viral replication and maintenance of this expanded population ( Figure 2H ).
HIV infection maintains an expanded T-bet + B cell population.
Having observed the rapid expansion and sustained expression of T-bet + B cells in acute to early chronic HIV infection, we next examined T-bet expression in memory B cells from chronically infected HIV + cohorts with different viral loads (VLs): viremic HIV progressors (progressors, VL > 10,000 copies/ml); viremic controllers (VCs, VL 41-1,800 copies/ml); elite controllers (ECs, VL < 40 copies/ml); aviremic individuals on antiretroviral therapy (ART, VL < 40 copies/ml); and HIV-negative controls (Supplemental Tables 1 and 2 hi B cells ( Figure 3C ) and coincided with higher expression levels (MFI) of T-bet ( Figure 3D ). hi cells (blue) and resting memory (RM) cells (black) in yellow fever vaccinees. No statistical differences were observed between RM time points. (G) T-bet expression in memory B cells of an acutely HIV-infected individual before infection and shortly after peak of viremia. (H) Memory B cell T-bet expression frequency from 7-donor cohort of acutely HIV-infected individuals at preinfection, acute, and chronic infection time points. Note that intracellular T-bet staining of early acute HIV samples in G and H was performed using a BD Cytofix/Cytoperm Kit. Statistical comparisons in C, D, E, F, and H calculated using repeated-measures 1-way ANOVA with Tukey's multiple comparisons test. *P ≥ 0.01 to < 0.05; **P ≥ 0.001 to < 0.01.
Absence of detectable viremia in ECs and ART individuals was associated with decreased T-bet
+ B cell population size in many donors compared with viremic individuals (Figure 3B ), which could be explained in part by diminished T-bet hi CD85j
hi expansion in these cohorts (Supplemental Figure 3A) . We also observed a trend toward elevated T-bet expression frequencies in RM B cells in all HIV + cohorts (Supplemental Figure 3B) ; however, similar to our findings in HIV-negative donors ( Figure 1F ), RM cell T-bet expression levels (MFI) remained low (data not shown). Together, our findings indicate that chronic HIV viremia drives T-bet expression in memory B cells and maintains the expansion of the T-bet hi CD85j hi subset. We further observed increased T-bet MFI in plasmablasts of viremic individuals (Supplemental Figure 3C ), suggesting together with our acute infection findings that viral replication also promotes low-level T-bet expression in plasmablasts. As T-bet is associated with specific IgG isotypes ( Figure 1C ), we hypothesized that the maintenance of elevated T-bet expression in B cells and plasmablasts during HIV infection might alter memory B cell surface IgG isotype distribution and serum Ig repertoires in these individuals. We therefore analyzed memory B cells from HIV-negative individuals and progressors and found increased frequencies of IgG1-and IgG3-expressing memory B cells during HIV infection ( Figure 3E ). To explore possible downstream effects on secreted Ig, we next assessed the isotypes of total serum Ig from progressors and age/ethnicity-matched HIV-negative controls and found approximately 2-fold increases in titers of IgG1 and IgG3 in progressors as compared with controls ( Figure 3F ). IgG1 titers in viremic subjects positively correlated with the frequency of T-bet + memory B cells (though this did not reach statistical significance due to a single outlier), while IgG2, IgG3, IgG4, and IgA titers displayed no relationship ( Figure 3G ). IgM titers also positively correlated with T-bet expression frequency ( Figure 3G ), suggesting that activation events in early memory B cell differentiation may be skewed by T-bet expression. In summary, HIV drives the expansion and maintenance of T-bet + B cells that correlate with an overrepresentation of surface-expressed and soluble IgG1 and IgG3 during viremic infection.
T-bet To interrogate transcriptional similarity between T-bet hi CD85j hi cells and the other sorted B cell subsets in an unbiased way, we performed t-distributed stochastic neighbor embedding (tSNE) analysis of the transcript expression results ( Figure 4B ). T-bet hi CD85j hi cells were transcriptionally dissimilar to antigen-inexperienced B cells and clustered near to, but distinct from, RM B cells and plasmablasts, further suggesting this is an antigen-experienced population. Interestingly, CD85j lo B cells, the CD21 -Tbet -counterpart of our cells of interest, were more similar to the antigen-inexperienced subsets (naive, transitional; Figure 4B ), suggesting these are relatively unrelated to T-bet hi CD85j hi cells and confirming the previously described population heterogeneity within the TLM phenotype (CD21 -CD27 -; ref. 40 ). We next set out to establish a functional connection between T-bet and the transcriptional targets it might regulate in T-bet hi population because they can be identified and sorted via negative selection, avoiding potential ligation effects of CD85j-specific antibodies. T-bet siRNA knockdown reduced levels of AICDA by 44% compared with control siRNA, indicating that T-bet at least partially regulates expression of AICDA in this population ( Figure 4D) .
Finally, we asked whether chronic HIV infection might selectively induce transcriptional changes in T-bet hi CD85j hi cells and therefore potentially impact their functionality. We compared RNA transcript levels of our 91-member panel in T-bet hi CD85j hi cells between HIV-negative individuals (n = 4) and progressors (n = 5) and found that T-bet hi CD85j hi cells appear largely similar regardless of HIV infection status ( Figure 4E ). These findings suggest that, while viremic HIV infection greatly expands the (G) Correlations between T-bet expression frequency in memory B cells and serum antibody titers (ng/ml). Statistics calculated using Spearman correlation. *P ≥ 0.01 to < 0.05; **P ≥ 0.001 to < 0.01; ***P < 0.001. 
T-bet
hi CD85j hi population, it does not overtly alter the transcriptional environment of these cells during the course of infection.
HIV infection primarily drives a T-bet + B cell response to HIV envelope protein gp140. Finally, we examined the relationship between T-bet
+ B cells and the B cell response to HIV, focusing on the Env-specific response since this antigen is the relevant antibody target during HIV infection (32) . Using a group M consensus sequence-derived gp140 protein to capture soluble Ig in an ELISA format, we analyzed the isotype repertoire of the gp140-specific Ig in serum of progressors (Supplemental Table 1 ) and found that, in agreement with previous studies (43) (44) (45) (46) (47) (48) , Env-specific responses are dominated by IgG1 isotype antibodies (Figure 5A) , the most frequent IgG isotype associated with T-bet-expressing B cells. To directly connect this expanded Env-specific IgG1 usage to the cellular component of the response, we used gp140 protein fluorophore probes to identify gp140-specific B cells via flow cytometry, as previously described (49) ( Figure  5B ). Progressors, several of which were estimated to be in the early acute phase of infection, at less than 3 months HIV + (see Supplemental Table 3 ), demonstrated a mean gp140-specific B cell frequency of 0.86% of class-switched B cells in peripheral blood, and this frequency was diminished in HIV + cohorts with lower viremia ( Figure 5C hi phenotype, while the gp140-specific B cell response in subjects with lower or controlled viremia was composed of both T-bet hi CD85j hi cells and RM B cells (Figure 5F and data not shown). Taken together, these findings demonstrate that the humoral immune response to HIV Env is specifically coordinated by the T-bet + memory B cell population and suggests induction of this transcription factor as a mechanism driving the predominantly IgG1-based Ig response to the virus.
Discussion
The identity of the cells orchestrating the humoral response to human viruses such as HIV has remained unclear. To address this issue, we assessed the phenotype and dynamics of B cells expressing T-bet, a known regulator of Th1-type immunity across cell lineages, during human viral infections. We identified T-bet + B cells as a distinct, activated subset enriched for antiviral Ig isotypes and expressing a specific trafficking receptor profile. The T-bet + B cell population, normally a small fraction of total B cells, transiently expands in response to acute YFV, VV, and HIV infection. However, during chronic HIV infection, viremia maintains elevated T-bet + B cell frequencies that are associated with increased serum IgG1 and IgG3 titers. These T-bet + cells dominate the HIV Env-specific B cell response and likely skew the anti-Env serum Ig repertoire to the IgG1 isotype.
T-bet is considered to function as a master regulator of Th1-type immunity (50) , and T-bet is known to promote antiviral B cell responses by driving IgG2a/c class switching in mice (6, 19, 22, 23) . Our findings suggest that T-bet similarly regulates human B cells during Th1 immune responses, as we clearly demonstrate hi phenotype by cohort. For C, E, and F, statistical comparisons were calculated using 1-way ANOVA with Tukey's multiple comparisons test. *P ≥ 0.01 to < 0.05; **P ≥ 0.001 to < 0.01; ***P < 0.001. viral infection-induced T-bet expression in human B cells. Our results also identify Ig isotype diversification as a key effect of this T-bet induction; we described an association between T-bet and the IgG1 and IgG3 isotypes in healthy individuals and, importantly, observed increased frequencies of (32) . It is possible that sustained HIV viremia drives recurrent germinal center reentry and isotype switching of memory B cells, which could promote splicing out of the proximally located γ3 gene from the constant region locus as the infection progresses; indeed, a recent study suggests class-switching of IgG3 + B cells would likely give rise to either IgG1 + or IgG2 + cells (51) . Together, our findings suggest T-bet expression in B cells coordinates the IgG1-dominated anti-Env response and likely regulates antibody isotype selection during other human viral infections.
Despite the relationship between T-bet and IgG isotypes, we also observed activation of the T-bet hi cells demonstrate elevated RNA transcript levels of B4GALT3, a galactosyltransferase that may alter antibody glycosylation (52) , and AICDA, the enzyme critical for somatic hypermutation that leads to improved antibody affinity (41) . While AID expression is tightly controlled by multiple factors (53), our findings suggest that T-bet partially regulates AICDA transcript expression, although it is unclear whether this occurs by direct or indirect mechanisms. In doing so, T-bet may promote Ig mutation, and a recent murine study supports this notion by demonstrating relatively high mutation rates in Ig from T-bet-expressing B cells (54) . However, Ig mutation may be impaired in subsets of T-bet + B cells during progressive HIV infection, as we recently demonstrated diminished mutation levels in HIV-specific Ig derived from TLM cells as compared with RM cell-derived Ig (55) . Future studies should examine whether relatively low TLM Ig mutation rates are typical (i.e., observed in healthy individuals mounting successful humoral responses) or are instead reflective of immunopathology specific to chronic HIV infection; in support of the latter possibility, malaria-specific Ig derived from TLM-phenotype B cells displayed higher mutation rates than those derived from RM cell counterparts (56) . Lastly, T-bet expression also influences Ig-independent functions and properties; similar to mice (19, 25) , T-bet likely regulates the expression of homing receptors CXCR3 and CD11c in human B cells, potentially granting specific tissueand inflammation-homing properties to T-bet + cells. Murine studies further suggest T-bet + B cells in the spleen efficiently present antigen (57) and can be stimulated to produce the cytokine IFN-γ (24).
Our study identified a heterogeneous T-bet-expressing B cell population in human blood comprised of 2 main subsets: T-bet hi cells expand in response to acute human viral infections (YFV and VV vaccinations) and closely resemble age-associated B cells, a T-bet + population in mice that accumulates with age, produces pathogenic autoantibodies, and is critical for murine antiviral responses (6, 19, 58, 59) . We also observed involvement of T-bet + B cells in the response to HIV infection, as T-bet was rapidly induced in B cells during the acute phase and T-bet We and others have previously demonstrated an expansion of CD21 -B cell subsets induced by Th1-type human infections, including HIV, malaria, and hepatitis C (30, 31, 34, 35, (60) (61) (62) (63) , and expansion of a clonal CD21 -subset has been described during hepatitis B-and hepatitis C-associated mixed cryoglobulinemia (64) (65) (66) . Interestingly, maintenance of expanded CD21
-cells in each of these infections appears to be dependent upon pathogen load (34, 35, 60, (67) (68) (69) . Our current findings, combined with the similar CD21 -B cell phenotypes described in these studies, suggest that CD21 -B cell expansion associated with these various Th1-type infections may in part be explained by infection-induced T-bet expression and expansion of T-bet hi
CD85j
hi cells. In support of this hypothesis, murine experiments suggest the T-bet + B cell phenotype is induced by concerted actions of pathogen-derived nucleic acids (TLR7 or TLR9 stimulation; refs. 15, 19, 58, 59, 70, 71) (27-29, 72, 73) , and murine models indicate TLR sensing can stimulate T-bet expression to drive expansion of autoantibody-producing B cells (22, 58) , suggesting CD21 -T-bet + B cells may also play a role in human autoimmune diseases.
While our acute infection observations suggested T-bet + B cells generally represent a component of the antiviral B cell response, we specifically demonstrated that T-bet + B cells comprise nearly the entire detectable peripheral B cell HIV Env memory response, beginning at least during early (<3 months HIV + ) infection. As such, most gp140-specific antibodies likely derive from descendants of the T-bet + B cell population or share a similar T-bet-regulated origin in both progressors and individuals controlling viremia. This likely also includes HIV-specific broadly neutralizing antibodies, but requires further assessment as previous studies that isolated broadly neutralizing antibodies from B cells generally did not consider the nature of the cells. An important question remaining is the degree to which T-bet + B cells and derived antibodies contribute to control of viremia during HIV and other viral infections. Indeed, while a murine study demonstrated the requirement of T-bet + B cells to control chronic LCMV viremia to low levels (6), the role of B cells and Ig in ongoing control of HIV/SIV remains controversial (74) (75) (76) (77) (78) . However, it is highly likely that an efficacious HIV vaccine will need to induce HIV Env-specific broadly neutralizing antibodies. As such, our results directly demonstrate the importance of T-bet-expressing B cells to the HIV-specific humoral response.
Methods
Study participants. Acute infection studies: 5 healthy, HIV-negative individuals received live-attenuated YFV-17D vaccine (YF-Vax, Sanofi Pasteur) and 7 different healthy, HIV-negative individuals received live vaccinia smallpox vaccine (Dryvax, Wyeth Laboratories). Peripheral blood mononuclear cell (PBMC) samples were obtained on or near day of vaccination and at several subsequent time points (see Table 1 for donor information). Seven acutely infected HIV + donors were enrolled in the RV217 Early Capture HIV Cohort run by the US Military HIV Research Program. PBMC sample timing was calculated relative to first positive HIV RNA test (Abbot Real-Time HIV-1 assay, Abbot Laboratories). Samples included a preinfection time point (ranging 478-41 days previous to first positive HIV RNA test), an early acute infection time point (ranging 1-21 days after first positive test; these were collected during or shortly after peak acute viremia and are considered to represent an early acute infection time point), and a chronic infection time point (see Table 2 ). Individuals were antiretroviral therapy-naive at all sample time points assessed.
Chronic HIV infection studies: PBMCs and serum from ART-naive, viremic HIV + individuals (referred to as progressors) and PBMCs from ART-treated, aviremic HIV + individuals (referred to as ART) were obtained from the University of Pennsylvania Center for AIDS Research (CFAR; see Supplemental Tables 1 and 3 ). HIV-negative serum samples age-and ethnicity-matched to the ART-naive, viremic HIV + individuals were obtained from Case Western University. PBMCs from VCs and ECs were obtained from individuals enrolled in the SCOPE study at the University of California San Francisco (see Supplemental Table 2 ). Additional progressor PBMCs were obtained from the University of Toronto (see Supplemental Table 3 ). Healthy HIV-negative human donor PBMC samples were obtained from the University of Pennsylvania Human Immunology Core.
Antibody reagents. The following antibodies were obtained from Biolegend: CD19 BV785 (clone HIB19), CD3 APC-Cy7 (clone UCHT1), IgM BV605 (clone MHM-88), CD21 PECy7 (clone Bu32), CD27 BV650 (clone O323), CD38 BV421 (clone HIT2), CXCR3 BV711 and APC (clone G025H7), CD86 BV605 (clone IT2.2), CD10 BV605 (clone HI10a), CD71 FITC (clone CY1G4), and PD-1 BV421 (clone EH12.2H7). The following antibodies were obtained from BD Biosciences: CD14 APC-Cy7 (clone MØP9), CD16 APC-Cy7 (clone 3G8), IgD PECF594 and AF700 (clone IA6-2), IgG AF700 (clone G18-145), CD85j FITC (clone GHI/75), Ki67 AF700 and FITC (clone 56), CD21 BV421 (B-ly4), and CD95 PECy5 (clone DX2). The following antibodies were obtained from eBiosciences: T-bet PE and PECy7 (clone eBio4B10), CD10 PECy5 (clone eBioCB-CALLA), CD11c PECy5.5 (clone 3.9), and CD85j APC (clone HP-F1). CD69 PECy5 (clone TP1.55.3) was obtained from Beckman Coulter. The following antibodies were obtained from Southern Biotech: IgG1 PE (clone HP6001), IgG2 AF488 (clone HP6002), and IgG3 AF647 (clone HP6050). IgA FITC (polyclonal) was obtained from Invitrogen. FcRL4/5 antibody (clone 2A6) was gifted by Max D. Cooper (Emory University, Atlanta, Georgia, USA); this antibody was initially characterized as FcRL4 specific, but a recent study demonstrated that clone 2A6 reacts with both FcRL4 and FcRL5 (56) .
Antibody staining, flow cytometry acquisition, and analysis. Cryopreserved PBMCs were thawed, counted, examined for viability, and rested overnight at 37°C and 5% CO 2 in RPMI with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin added. All incubations during the following staining process were performed at room temperature in the dark. On the following morning, PBMCs were washed with PBS and stained for viability with Aqua amine-reactive viability dye (Invitrogen) for 10 minutes. Cells were stained with a prepared cocktail of surface antibodies for 25 minutes, washed once with PBS plus 0.1% sodium azide and 1% BSA, and fixed/permeabilized using the eBiosciences FoxP3 Transcription Factor buffer kit (catalog 00-5523-00). Intracellular targets were stained with a separately prepared cocktail of antibodies for 60 minutes, washed with the eBioscience kit buffer, fixed with PBS plus 1% paraformaldehyde, and stored in the dark at 4°C until acquisition. RV217 cohort samples (Figure 2 , G and H) were stained identically except a BD Cytofix/Cytoperm Kit (catalog 554722) was used to fix/permeabilize cells for intracellular staining. Compensation controls were produced with antibody capture beads (BD Biosciences) for each antibody and ArC Amine Reactive beads (Thermo Fischer Scientific) for Aqua amine-reactive dye. All flow cytometry data were collected on a modified LSR II (BD Immunocytometry Systems). Data were analyzed using FlowJo software (Tree Star). Graphs were created and statistical analysis was performed using GraphPad Prism (version 7.0a).
HIV gp140 probe staining. Recombinant group M consensus gp140 protein was produced and conjugated to Brilliant Violet 421 and Alexa Fluor 647 fluorophores, as previously described (49, 79) . Washed PBMCs were pretreated with anti-CD4 (clone SK3, Biolegend) previous to Aqua amine-reactive dye staining to prevent interactions between gp140 probe and CD4. gp140 probe was then added to the surface marker cocktail and staining procedure was completed as described above.
Serum antibody characterization. HIV-1-specific and total IgG1, IgG4, IgA, and IgM were measured on a Bio-Plex instrument (Bio-Rad) as previously described (80) (81) (82) . gp140-specific antibodies were captured using the same group M consensus sequence protein from gp140-specific cell staining (see above).
Cell sorting and Fluidigm Biomark transcript analysis. PBMCs from HIV-infected and -uninfected patients were thawed and rested overnight. After being washed in PBS, the cells were incubated with Aqua amine-reactive viability dye for 10 minutes and stained with an undiluted cocktail of surface antibodies at room temperature. Cells were washed and resuspended in R10. One hundred cells each from different B cell populations were sorted on a FACSAria II (BD Biosciences) into individual wells of a 96-well PCR plate according to the gating strategy depicted in Supplemental Figure 1A . Each well contained 5 μl lysing buffer, consisting of 4.725 μl of DNA Suspension Buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA; TEKnova), 0.025 μl of 20 U/μl SUPERase•In (Ambion), and 0.25 μl of 10% NP40 (Thermo Fisher Scientific). After FACS sorting, PCR plates were frozen and kept at -80°C until usage.
PCR plates were thawed on ice and preheated for 90 seconds at 65°C. Subsequently, 1 μl Reverse Transcription Master Mix (Fluidigm) was added to each well and placed into a thermocycler for reverse transcription (25°C for 5 minutes, 42°C for 30 minutes, 85°C for 5 minutes). Next, 4 μl of a preamplification mix, consisting of 1 μl pooled mixture of all primer assays (500 nM), 2 μl 5× PreAmp Master Mix (Fluidigm) and 1 μl H 2 O, was added to each well and run on a thermocycler (95°C for 5 minutes followed by 18 cycles: 96°C for 5 seconds, 60°C for 6 minutes). To remove excess primers, 4 μl of an exonuclease mixture, containing 0.8 μl 20 units/μl of Exonuclease I (New England BioLabs), 0.4 μl 10× Exonuclease I Reaction Buffer (New England BioLabs), and 2.8 μl H 2 O was added to each well. The plate was run on a thermocycler (37°C for 30 minutes, 80°C for 15 minutes). Each well was then diluted (1:4) with DNA Suspension Buffer. In a new PCR plate, distinct primer assays were generated by adding individual primer pairs (5 μM) together with a mix of 2.6 μl 2× Assay Loading Reagent (Fluidigm) and 2.4 μl 1× DNA Suspension Buffer to each well. Similarly, a sample PCR plate was created by dispensing 4 μl of a sample master mix containing 3.5 μl 2× Sso Fast EvaGreen Supermix with Low ROX (Bio-Rad), 0.35 μl 20× DNA Binding Dye Sample Loading Reagent (Fluidigm), and 0.15 μl H 2 O to each well. An additional 3 μl of preamplified samples were added to each well. Control line fluid (Fluidigm) was injected to the 96.96 Dynamic Array chip (Fluidigm) and the chip was primed using an IFX Controller HX. After priming the chip, 4.5 μl of the primer assays and 5 μl of the sample mix were added to detector inlets of the chip and transferred to the IFX Controller HX for loading the mixtures. The chip was then transferred to a Biomark HD instrument (Fluidigm) and run using the GE Fast 96x96 PCR+Melt v2.pcl program. All primers were purchased from IDT and assay efficiency as well as melting and amplification curves for each assay were evaluated beforehand on a separate Biomark HD run with similar sorted B cell populations.
All data were preanalyzed with the Real-Time PCR Analysis software (Fluidigm), and linear (derivative) and user (detectors) were used as settings to generate Ct values. A conservative Ct value of 25 was used as limit of detection (LOD). Relative gene expression was defined as a log 2 value based on: log 2 = LOD -Ct. All subsequent analysis of the gene expression data, including tSNE analysis and hierarchical clustering, were performed using R Studio.
T-bet siRNA knockdown. Mature CD21 -
